Abstract. The usual tomography is achieved by acquiring measurements around an object with multiple angles. The possibility of obtaining a fluorescence tomographic image from measurements at only one angle is explored. Instead of rotating around the object, the camera (or the objective lens) moves toward (or away from) the object and takes photographs while the camera's focal plane passes through the object. The volume of stacked two-dimensional pictures forms a blurred three-dimensional image. The true image can be obtained by deconvolving the system's point spread function. Simplified computer simulations are carried out to verify the feasibility of the proposed method. The computer simulations indicate that it is feasible to obtain a tomographic image by using the in-and-out motion to acquire data.
Introduction
Traditional tomography requires measurements from multiple views. For example, in a two-dimensional (2-D) tomographic problem, it is required that every line passing through the object should be measured. Thus, requirement is based on the assumption that no depth information is available in the projection measurements. However, if some depth information is available in the projections, e.g., as in the time-of-flight positron emission tomography (PET), it may be possible to obtain the tomographic image from projections at one view angle. [1] [2] [3] [4] This paper explores the possibility of one-angle fluorescence tomography. In fluorescence imaging, the object is first being triggered by, e.g., a laser pulse, and then fluorescent light will be emitted from the source within the object. After the fluorescent signals are recorded, they can be used to reconstruct the image of the fluorescent sources within the object. [5] [6] [7] [8] In many small animal fluorescent imaging systems, one or two angular views are sufficient for the task of pointsource imaging. For a sophisticated tomographic imaging system, multiple view angles may be required.
In the following section, a rotation-free, one-angle, in-andout motion is discussed. That is, the imaging system has a linear translation (i.e., the in-and-out) movement. No rotational movements are used. We do not see any practical value of this in-and-out motion imaging system yet, because a rotational tomographic imaging system can provide more stable tomographic images. The motivation of writing this paper is pure scientific curiosity, to investigate whether it is possible to generate tomography images by simply moving the camera in an in-and-out motion. Initial computer simulations with a 2-D phantom are provided in this paper to demonstrate the feasibility of the proposed imaging approach.
2 Optical Tomography with In-and-Out Camera Motion In small animal fluorescence imaging, the in-and-out motion is likely to produce useful tomographic images. A simple optical camera is shown in Fig. 1 . As the camera (or its objective lens) moves toward (or away from) the object while taking pictures, different depths of the object are photographed. By stacking up these photographs, a "blurred" 3-D image of the object is obtained. This blurring is caused by the off-focal-plane objects. We would like the object in the focal plane to be sharp and the off-focal-plane objects to be as blurred as possible. In other words, we prefer a larger value of c 1 . This is equivalent to having a very narrow depth-of-field (DoF). The following formulas are helpful to see what parameters may influence the value of c 1 .
where f is the lens focal length, d is the aperture diameter, and N is the lens f number. To have a narrower (i.e., shallower) DoF, we would like to have a larger aperture d, a longer focal length f, and a shorter shooting distance s.
The computer simulations in this paper assume that the lens radius d∕2 is equal to the focal length s.
The proposed fluorescence imaging setup is illustrated in Fig. 2 , in which the camera is positioned on a track, allowing the camera to take series of pictures while it moves toward (or away from) the object. Each picture is blurred by the objects that are not in the focal plane.
The blurred 3-D image volume can be made sharper by deconvolving the image volume with the point spread function (PSF) of the blurring effect during picture taking.
Rotation versus In-and-Out Motion
In conventional tomography, the projection data are the Radon transform of the object. The Radon transform itself at one angle does not contain any depth information. Thus, measurements at multiple angles are needed to provide the depth information. If enough measurements are available, the original object can be exactly reconstructed. This fact is well established.
On the other hand, our method has a very narrow DoF and the in-and-out movement of the focal plane is able to provide the depth information. Therefore, rotation of the camera is unnecessary. If there is no attenuation, this in-and-out motion imaging problem is well posed, and the image can be exactly reconstructed.
The proposed in-and-out camera motion imaging problem is more ill conditioned than the rotational imaging problem when we consider an attenuating medium. If the point source of interest is located at the far side of the object, the photons from this point source will be significantly attenuated before they can reach the camera. If the camera can rotate, after a 180-deg half-circle rotation, the point source of interest is at the near side of the object, and the attenuation effect is significantly reduced. Therefore, the rotational camera motion has an advantage over the in-and-out camera motion when photons are propagating in an attenuating medium.
We must point out that, in general, moving the camera in-and-out does not provide sufficient data for tomography. For example, in single photon emission computed tomography (SPECT), by moving the cone-beam collimator in-andout can only provide limited-angle measurements, which are not sufficient for exact 3-D image reconstruction.
If we compare a SPECT (or an x-ray CT) system to our proposed optical system with an in-and-out motion, our optical system uses a lens, whereas the SPECT (or the x-ray CT) system does not have a lens. The working principle is different for these two types of imaging systems. Moving the lensbased optical camera in-and-out is equivalent to moving the collimator-based nonoptical camera in two independent movements: an in-and-out movement and a movement in the direction orthogonal to the in-and-out motion. If a SPECT (or an x-ray CT) system uses this two-dimensional (2-D) motion scheme, a tomographic image can be obtained from its measurements. However, this 2-D motion scheme is much more difficult to implement than the rotational motion, and we have not seen any applications where the SPECT (or the x-ray CT) system is not allowed to rotate.
Computer Simulation Setup
The computer simulations in this paper consider a 2-D object that consists of three dots that have the same intensity, as illustrated in Fig. 3 . Each dot is a small 2-D disk with a radius of 7.7 pixels. The camera takes series of one-dimensional (1-D) pictures. The focal length of the lens is the same as the radius of the lens. Poisson noise is added to the measurements. One potential application in optical tomography is small animal fluorescence imaging, which is a common tool to locate the tumors inside a small animal (e.g., a mouse). The tumors are point-source-like objects. When we decided to use a three-point source phantom in our computer simulations, we had the application of small animal cancer imaging in mind.
In the first computer simulation, the phantom has no attenuation/scattering medium. In the second computer simulation, a large circular uniform attenuation/scattering medium is assumed (see Fig. 4 ). This large uniform disk 
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Focal Plane Camera Translation Fig. 2 The camera takes a series of pictures as it moves toward (or away from) the object. Fig. 3 The emission source contains three identical dots.
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In solving an inverse problem, one must have a model for the forward problem. However, this forward model cannot be exactly the same as that used in numerical data generation. One commits a "crime" if one solves an inverse problem by using exactly the same numerical (forward) method that is used to generate the raw computer simulated data. In order not to commit the inverse-problem crimes, data acquisition and image processing use different image sizes in this paper.
The 2-D image array is 256 × 256 during data acquisition procedure. After stacking up series of 1-D pictures, a blurred raw 256 × 256 image is obtained. This 256 × 256 2-D raw image is then binned down to a 128 × 128 image. The PSF that is used in modeling data acquisition blurring is also binned down accordingly. The binned-down PSF is used in the Lucy-Richardson image deblurring method. 9, 10 Our MATLAB ® code with computer simulation details is given in Appendix of this paper. During image restoration, the Poisson noise is suppressed by performing 2-D lowpass filtering that has a Gaussian kernel with standard deviation of 2 pixels.
Computer Simulation Results
In the case of the emission photons being attenuation free and scattering free, the raw image only suffers from the blurring effect corrupted by the off-focal-plane objects, as shown in Fig. 5 . After applying 20 iterations of the LucyRichardson method, the original image can be restored (see Fig. 6 ).
When the emission photons travel through the attenuation/scattering medium, the raw image suffers from attenuation, scattering, as well as blurring effect corrupted by the off-focal-plane objects, as shown in Fig. 7 . After compensation for the attenuation effect and PSF deconvolution for both the scattering effect and the off-focal-plane object blurring effect, the final restored image is shown in Fig. 8 . The devolution for the scattering effect is achieved by applying 15 iterations of the Lucy-Richardson method, and the devolution for the off-focal-plane blurring is carried out by 20 iterations of the Lucy-Richardson method. One can identify the three dots in the restored image, as shown in Fig. 8 .
Discussion and Conclusion
State-of-the-art tomographic imaging systems use the rotational scanning approach, in which the camera rotates around Fig. 4 The uniform circular attenuation/scattering medium. Fig. 5 The raw image in the attenuation/scattering free case is only blurred by the off-focal-plane objects. Fig. 6 The image is restored by using the Lucy-Richardson method from Fig. 5 . Fig. 7 The blurred raw image in the case of a uniform attenuation/ scattering medium is affected by attenuation, scattering, and offfocal-plane object blurring. the object while making measurements. The one-angle imaging with a linear in-and-out camera movement has never been used before. One disadvantage of this one-angle system is that the system is extremely ill conditioned, especially when photons are travelling in attenuating media. There may be some applications in which only one camera can be used and the camera is not allowed to rotate. To date, we do not aware of any imaging situation with these restrictions. This paper merely presents a feasibility study of this new tomography methodology. Hopefully in the future, some applications may emerge and require a tomography imaging method that uses only one-angle, in-and-out camera motion.
The working principle of our paper is quite different from that of the wavefront coding methods. [11] [12] [13] [14] The goal of the wavefront coding methods is to apply a phase mask to "code" the photon rays. The coding is insensitive to the depth information. Only one image is taken. After digital decoding, the resultant image has an increased DoF.
On the other hand, our imaging system prefers a shallow DoF, the shallower the better. The in-and-out motion scans the object in a slice-by-slice manner. The slices are parallel to the camera. Multiple images are acquired at different distances. Each image focuses at one slice of the object. The images are not coded.
It is a well-known fact that tomographic images can be obtained with the camera rotating around the object. The reason that we restrict the camera to be positioned at one angle (but allowed to move in-and-out) is purely a scientific curiosity. The goal of this paper is to find whether it is possible to obtain a tomography image without changing the camera's viewing angle.
Computer simulations demonstrate that this data acquisition scheme is feasible. Our future plan is to identify an optical tomography application in which camera rotation is not allowed. Once the application is identified, the proposed method will be further developed and tailored toward the application.
In both rotational tomography and moving in-and-out tomography, separation of the overlapped information is achieved by two steps: one being backprojection and the other being deconvolution. The main effect that makes rotational tomography more favorable than the moving in-andout tomography is photon attenuation within the object. Without attenuation, these two methods are comparable in terms of ill conditionness. The purpose of this paper is not to promote the moving in-and-out method because the rotational method generally speaking is more stable and is more robust when imaging situation is not ideal (e.g., there is attenuation). The purpose of this paper is to answer the scientific curiosity: is it possible to obtain a tomographic image by moving the camera in-and-out, regardless of its usefulness? The answer to this question is positive.
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